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ABSTRACT In sea urchin embryos, the animal-vegetal
axis is specified during oogenesis. After fertilization, this axis
is patterned to produce five distinct territories by the 60-cell
stage. Territorial specification is thought to occur by a signal
transduction cascade that is initiated by the large micromeres
located at the vegetal pole. The molecular mechanisms that
mediate the specification events along the animal–vegetal axis
in sea urchin embryos are largely unknown. Nuclear b-catenin
is seen in vegetal cells of the early embryo, suggesting that this
protein plays a role in specifying vegetal cell fates. Here, we
test this hypothesis and show that b-catenin is necessary for
vegetal plate specification and is also sufficient for endoderm
formation. In addition, we show that b-catenin has pro-
nounced effects on animal blastomeres and is critical for
specification of aboral ectoderm and for ectoderm patterning,
presumably via a noncell-autonomous mechanism. These re-
sults support a model in which a Wnt-like signal released by
vegetal cells patterns the early embryo along the animal–
vegetal axis. Our results also reveal similarities between the
sea urchin animal–vegetal axis and the vertebrate dorsal–
ventral axis, suggesting that these axes share a common
evolutionary origin.

Axis specification is a prerequisite to initiation of pattern
formation and subsequent diversification of pluripotent blas-
tomeres to generate embryonic form. Like eggs of most
deuterostomes, the initial axis in the sea urchin egg represents
a cytoplasmic polarity along the animal–vegetal pole that is
established during oogenesis (1, 2). This polarity can be
discerned experimentally by bisecting unfertilized eggs equa-
torially, fertilizing each half, and observing the developmental
outcomes. The animal half develops into a ciliated ball of
ectoderm whereas the vegetal half develops into an almost
normal pluteus larva (2, 3). Clearly, determinants localized to
the vegetal half of the egg cytoplasm play a critical role in the
normal development of the embryo, but, despite almost a
century of effort, these determinants are yet to be identified.

By around the 60-cell stage, five distinct territories have
been established in the embryo, and these territories lie
strikingly along the animal–vegetal axis. Specification of the
embryonic territories is thought to occur along this axis by a
signal transduction cascade initiated by the vegetal pole-
located large micromeres (4). Specification is defined here as
the ‘‘fundamental early developmental processes by which
various spatial domains are initially assigned their different
fates’’ (4). It is postulated that the large micromeres inherit
vegetally localized determinants that allow these cells to be
autonomously specified as a vegetal organizing center (4).
Experimental embryology has demonstrated that the large
micromeres can indeed act as an organizer and can induce a
secondary gut when transplanted to an ectopic location (5).

The large micromeres are therefore likely to play a role in
normal specification of the vegetal plate territory, which gives
rise to endoderm and secondary mesoderm (5, 6). Upwardly
directed signaling from vegetal tiers also has been shown to be
required for specification of aboral ectoderm and for pattern-
ing of ectoderm along the oral–aboral axis (7).

Although the molecular basis for axial patterning in sea
urchin embryos is not well understood, classical embryologists
identified chemicals that affected axial patterning along the
animal–vegetal axis (8). For example, certain agents cause
‘‘animalization,’’ in which embryos develop similar to those
embryoids developing from isolated animal halves (8). Lithium
chloride added to embryos during the cleavage stages leads to
‘‘vegetalization’’ of embryos (8). Embryos vegetalized with
lithium are radialized and develop with an excess of endoderm
and mesoderm at the expense of ectodermal tissues (2, 9). In
addition to its vegetalization effects on embryos, lower con-
centrations of lithium can pattern animal half-derived ecto-
derm along the oral–aboral axis (7). Recent reports have
demonstrated that, in some species, the developmental effects
of lithium can be attributed to it activating the Wnt signaling
pathway by inhibiting the serineythreonine protein kinase
glycogen synthase kinase 3b (GSK-3b), a negative regulator of
b-catenin (10, 11, 12). The striking morphogenetic effects of
lithium on sea urchin embryos suggested that b-catenin and
the Wnt signaling pathway may play a role in patterning the
early sea urchin embryo. This idea has been strengthened by
the observation that b-catenin protein appears in the nuclei of
vegetal blastomeres as early as the 16-cell stage in Lytechinus
variegatus embryos (13). In this report, we demonstrate that
b-catenin is necessary for specification of the vegetal plate,
and, in addition, we demonstrate a direct role for b-catenin for
endoderm formation. Our results show that b-catenin is
required for specification of aboral ectoderm cells and for
patterning ectoderm along the oral–aboral axis, presumably by
a noncell-autonomous mechanism. This study also shows that
many of the morphogenetic effects of lithium on sea urchin
embryos can be mimicked by b-catenin and that blocking
b-catenin leads to strong animalization of embryos. These data
support the hypothesis that the animalization and vegetaliza-
tion phenomena induced in sea urchin embryos can be attrib-
uted to the modulation of the activity of the Wnt signaling
pathway along the animal–vegetal axis. Finally, our results
suggest a possible evolutionary relationship between the sea
urchin animal–vegetal axis and the vertebrate dorsal–ventral
axis.

MATERIALS AND METHODS

Embryo Culture. L. variegatus were obtained from Susan
Decker Services (Hollywood, FL) or Tracy Andacht (Duke
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University Marine Laboratory, Beaufont, NC). Eggs and
sperm were obtained by intracoelomic injection of 0.5 M KCl.
Embryos were cultured in filtered artificial seawater (ASW) at
25°C.

RNA Synthesis and Microinjection. The plasmids contain-
ing cDNAs were linearized, and capped RNA was transcribed
by using the mMessage mMachine kit (Ambion, Austin, TX)
as recommended by the manufacturer. The pt b-catenin cDNA
(14) was a gift from D. Kimelman (University of Washington);
HT-6 and C-cadherin cDNAs (15) were a gift from B. Gum-
biner (Memorial Sloan-Kettering Cancer Center). These
cDNAs were derived from Xenopus and were thus heterolo-
gous. RNA was diluted in 40% glycerol before injection. The
approximate concentrations of the RNAs injected are as
follows: pt b-catenin RNA, 0.05 pgypl; C-cadherin RNA, 0.5
pgypl; and HT-6 RNA, 0.05 pgypl. The HT-6 RNA was
injected at a concentration of 0.5 pgypl in some experiments.
Fertilized eggs were injected with 1–2 pl of the RNA solution.
Eggs were prepared and microinjected as described (16). For
all experiments, 300–500 fertilized eggs were injected, and
viability after injection was usually .90%. Embryos were
harvested at the prism or early pluteus stage. For reverse
transcription–PCR (RT-PCR) analysis, RNA was isolated
from 40 embryos whereas 100–150 embryos were collected for
antibody staining experiments.

Expressing RNA in Animal Halves. Eggs were fertilized in
ASW containing 3-amino 1,2,4-triazole and were injected with
a given RNA. For experiments on the induction of endoderm
in animal halves by b-catenin, fertilized eggs were injected with
0.05–0.1 pg RNA before isolation of animal halves. In exper-
iments monitoring the effect of b-catenin on ectoderm, fer-
tilized eggs were injected with 0.01–0.02 pg RNA before the
isolation of animal halves. Shortly after injection, the zygotes
were removed from the injection plates by using a mouth
pipette and were placed in fresh ASW. This procedure usually
removed the zygotes from the vitelline envelope. Embryos
were monitored periodically and, at the third cleavage, were
placed in a dish with hyaline extraction medium for 5 min.
After this incubation, embryos were placed in calcium-free
seawater, where they were bisected by using a drawn-out glass
needle. Each half was placed in ASW and was monitored at the
fourth cleavage. Animal halves were identified easily by the
characteristic cleavage pattern of the mesomeres (see Fig. 2).
The injected animal halves were placed in fresh ASW and were
cultured at 25°C. The preparation of dishes and compositions
of solutions used have been described (17). For each injected
RNA, 10–15 animal halves were collected for RT-PCR anal-
ysis.

Immunofluorescence and RT-PCR. Immunofluorescence
and RT-PCR procedures were done essentially as described (7,
17). The anti-myosin heavy chain antibody was a gift from Gary
Wessel (Brown University), and the Endo-1 antibody was a gift
from David McClay (Duke University). LvS1 is an aboral
ectoderm-specific marker (18) whereas LvN1.2 and LvEndo16
are endoderm markers (19, 20).

RESULTS

Overexpression of b-Catenin Vegetalizes Sea Urchin Em-
bryos and Mimics the Effects of Lithium. A key regulator of
b-catenin and the Wnt signaling pathway in cells is GSK-3b.
GSK-3b negatively regulates the Wnt signaling pathway by
phosphorylating b-catenin on several serineythreonine resi-
dues, including a cluster of residues at the amino terminus of
the protein, leading to its targeted degradation through the
proteosome pathway (14, 21). In pt b-catenin, these amino
terminal serineythreonine residues are mutated to alanine.
This mutated b-catenin protein escapes regulation by GSK-3b,
becomes hyperstable in the cytoplasm, and mimics Wnt sig-
naling, essentially functioning as an ‘‘activated’’ form of the

protein (14). Sea urchin embryos overexpressing this activated
b-catenin by RNA injection were highly vegetalized (Fig. 1A).
There were increased numbers of endoderm cells in these
embryos as well as in the numbers of secondary mesenchyme-
derived pigment cells (Fig. 1 A) and muscle cells (data not
shown). The increase in the number of endoderm cells and
muscle cells was apparent by the increase in the number of
Endo-1 and myosin heavy chain-positive cells, respectively, in
injected embryos (data not shown). Small triradiate spicules
were present in some of the vegetalized embryos (data not
shown). In addition, the embryos were radialized and lost
ectodermal structures such as the stomodeum and the ciliary
band. These embryos strikingly resembled embryos exposed to
lithium during the cleavage stages (Fig. 1B; ref. 9), implying
that the morphogenetic effects of lithium on sea urchin
embryos were caused by its perturbation of the Wntyb-catenin
signaling pathway. Embryos developed normally when eggs
were injected with an mRNA encoding a truncated form of
b-catenin (HT-6) lacking the armadillo repeats 5–13 and the
carboxy terminus of the protein (Fig. 1C). This truncated
protein is unable to interact with DNA binding proteins such
as LEF1yTCF that allow b-catenin to function as a transcrip-
tional coactivator (22). Normal embryonic development was
seen even with the injection of 1 pg of this truncated RNA into
fertilized eggs (data not shown). These results indicated that
functional b-catenin could vegetalize sea urchin embryos.

b-Catenin Causes Ectodermal Precursors to Adopt
Endodermal Fates. b-Catenin could vegetalize sea urchin

FIG. 1. Vegetalization of embryos by b-catenin and lithium. (A) A
vegetalized embryo developing from an egg injected with pt b-catenin
(amino terminal serineythreonine mutated to alanine) RNA. The
arrow points to the remaining ectoderm in this embryo. The increased
number of secondary mesoderm-derived pigment cells are seen clearly
in this embryo. (B) A vegetalized embryo resulting from incubation in
35 mM lithium chloride. The arrow points to the remaining ectoderm
in this embryo. (C) A pluteus larva developing from an egg injected
with an RNA encoding a truncated b-catenin (HT-6) protein (lacking
the armadillo repeats 5–13).
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embryos in two ways. It could lead to increased endoderm and
suppression of ectodermal cell fates, perhaps by increasing
signaling from vegetal cells. Alternatively, b-catenin could
change directly the fate of ectodermal precursors to endoderm.
To test the possibility that pt b-catenin could directly vegetal-
ize mesomeres, we used a protocol to express pt b-catenin in
isolated animal halves, which are fated to only form ectoderm
(Fig. 2A; refs. 2 and 4). Injection of 0.05–0.1 pg of pt b-catenin
RNA into fertilized eggs and subsequent culturing of isolated
animal halves resulted in induction of endoderm in these
explants whereas HT-6 RNA had no effect (Fig. 2 B and C).
In addition to the morphology, RT-PCR analysis demon-
strated that both early (Endo 16) as well as late gut markers
(LvN1.2) were expressed in pt b-catenin RNA-injected animal
halves (data not shown). These results clearly demonstrated
that b-catenin could change the fates of ectodermal precursors
to endoderm as observed for lithium (23) and that b-catenin
was sufficient for endoderm formation. In these experiments,
we did not observe spicule formation in animal halves after
injection of the pt b-catenin RNA.

Low Concentrations of b-Catenin Pattern Ectoderm Along
the Oral–Aboral Axis. When animal halves are made from
eight-cell Lytechinus embryos, they form polarized embryoids
that do not form any endoderm or mesoderm. In addition,
these animal halves do not form any aboral ectoderm and lack
ectoderm-specific structures such as the stomodeum and the
ciliary band (7, 17). We have shown that these animal halves
express the oral ectoderm marker Ecto V on the surface of all
cells and in addition produce oral ectoderm-derived seroto-
nergic cells (7, 17). When these animal halves are treated with
concentrations of lithium that do not induce endoderm, they
undergo morphological as well as molecular changes in a
manner consistent with patterning along the oral–aboral axis
(7). Because it was clear that b-catenin was mimicking many
of the effects of lithium, we reasoned that lower doses of
b-catenin would mimic this lithium effect and reproduce the
range of effects induced by low concentrations of lithium.
Injection of 0.01–0.02 pg of pt b-catenin RNA into fertilized
eggs and subsequent isolation of animal halves resulted in

strong induction of the aboral ectoderm-specific gene LvS1 in
animal blastomeres with no expression of endoderm-specific
genes (Fig. 3A). Furthermore, although HT-6 injected animal
halves formed the typical morphologically polarized embry-
oids (Fig. 3B), animal halves injected with the low concentra-
tions of pt b-catenin mRNA developed stomodea and ciliary
bands, demonstrating that normal patterning along the oral–
aboral axis had occurred in the absence of endoderm and
mesoderm (Fig. 3 C and D). Thus, pt b-catenin mimicked many
of the developmental effects of lithium on sea urchin embryos.
Moreover, these experiments revealed that, in addition to a
role for b-catenin in patterning the animal-vegetal axis, it also
had a distinct role in patterning of the oral–aboral axis.

Blocking b-Catenin Signaling Animalizes Sea Urchin Em-
bryos. To ascertain the role of endogenous b-catenin in
animal–vegetal axis patterning, we attempted to block endog-
enous b-catenin signaling by overexpressing the cell adhesion
molecule C-cadherin. C-cadherin binds b-catenin via its cyto-
plasmic domain, and overexpressing C-cadherin leads to the
depletion of the signaling pool of b-catenin (15, 24, 25).
Fertilized sea urchin eggs were injected with '0.5–1.0 pg of
C-cadherin RNA and were analyzed when control embryos
were at the prism stage. At this stage of development, control
uninjected embryos had gastrulated and had begun to form the
characteristic larval shape (Fig. 4A). In contrast, C-cadherin
RNA injected embryos appeared severely animalized (Fig.
4B). These embryos lacked archenterons and did not have any

FIG. 2. Induction of endoderm in animal halves by b-catenin. (A)
Protocol for introducing mRNA into animal halves. (B) An animal
half made from an embryo that was injected at the one-cell stage with
an RNA encoding a truncated b-catenin protein (HT-6). It develops
as a polarized embryoid that does not form aboral ectoderm,
endoderm, or mesoderm. (C) Induction of endoderm and gastrulation
in an animal half made from an embryo injected at the one-cell stage
with pt b-catenin RNA.

FIG. 3. Patterning of ectoderm by low concentrations of b-catenin.
(A) Induction of aboral ectoderm in isolated animal halves by b-cate-
nin. RT-PCR was used to monitor the expression of aboral ectoderm
and endoderm-specific markers. LvS1 is an aboral ectoderm-specific
marker; LvEndo16 and LvN1.2 are endoderm-specific markers. Actin
primers were used to monitor input cDNA for each sample. The
autoradiograph shows that aboral ectoderm is induced after injection
of a low concentration of pt b-catenin RNA into animal halves whereas
expression of endodermal markers is not detected. (B) Animal half
made from an HT-6 RNA-injected embryo. (C and D) Patterning of
ectoderm by low concentrations of pt b-catenin. (C) Induction of a
stomodeum in a pt b-catenin-injected animal half (arrow). (D) In-
duction of a ciliary band in a pt b-catenin-injected animal half
(arrows).
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secondary mesenchyme-derived pigment cells or primary mes-
enchyme-derived spicules (Fig. 4B). In addition, these embryos
had a polarized epithelium and a morphology reminiscent of
animal half explants. This included the extended cilia seen on
the surface of the cuboidal epithelium (Fig. 4B). Analysis of
these embryos by using RT-PCR showed that they did not
express endoderm-specific or aboral ectoderm-specific mark-
ers (Fig. 4C). Furthermore, similar to animal halves made from
eight-cell embryos, the embryos overexpressing C-cadherin
expressed the oral ectoderm marker Ecto V in all cells (Fig. 4
D–G). The lack of aboral ectoderm-specific gene expression in
C-cadherin RNA-injected embryos complemented our obser-
vation that aboral ectoderm genes were induced when low
doses of b-catenin RNA were injected into animal halves (Fig.
3A) and indicated that, in addition to its role in endoderm
formation, b-catenin also was required for specification of
aboral ectoderm and patterning along the oral–aboral axis. To
determine whether the effects of C-cadherin were caused by its
sequestering of b-catenin, we attempted to rescue the C-
cadherin-induced phenotype in embryos by co-injection of pt
b-catenin RNA. Fertilized eggs were injected with 1–2 plyegg
from a mixture of RNA containing C-cadherin and pt b-cate-
nin RNA at concentrations of 0.5 pgypl and 0.05 pgypl,
respectively. Co-injection of pt b-catenin and C-cadherin RNA
resulted in morphologically normal embryos (data not shown)
as well as restoration of marker gene expression, indicating
that the effect of C-cadherin was caused by its sequestering of
b-catenin (Fig. 4H).

DISCUSSION

The specification of the animal–vegetal axis in the sea urchin
embryo as well as the patterning of this axis during embryo-
genesis has been a topic of investigation and debate since the

beginning of this century. Although models have been pro-
posed to explain how these processes occur, molecular evi-
dence supporting these models has been limited. Our results
provide evidence that b-catenin plays a critical role in the
patterning of the animal–vegetal axis and raises the possibility
that specification of this axis in sea urchin embryos may involve
a vegetally localized Wnt-like activity.

b-Catenin and Specification of Vegetal Cell Fates. In the sea
urchin embryo, vegetal cells produce three of the five initial
territories: the vegetal plate, which gives rise to the endoderm
and secondary mesenchyme; the large micromeres, which give
rise to the skeletogenic mesenchyme; and the small micro-
meres (4). Several lines of evidence indicate that b-catenin
plays a critical role in the specification of several of these cell
types. The first indication of a possible role for b-catenin in this
process came from the observation that the protein was
strikingly localized to the nuclei of vegetal cells in 16- to
120-cell stage embryos (13). Because specification of the five
territories occurs around the 60-cell stage (4), b-catenin was in
the right place at the right time to play a role in the estab-
lishment of the vegetal territories. In gain of function as well
as loss of function experiments, we have provided direct
evidence of a role for b-catenin in specification of vegetal cell
fates and a direct role for this protein in endoderm formation.
Embryos overexpressing b-catenin were highly vegetalized and
had a phenotype very much like those vegetalized by lithium.
There were increased numbers of endoderm cells in these
embryos as well as secondary mesenchyme-derived pigment
and muscle cells. The effect of vegetalization by b-catenin on
the skeletogenic mesenchyme or small micromeres is harder to
assess, mainly because of the lack of early markers for these
cells. Vegetalized embryos usually formed only small triradiate
spicules, but this may be a secondary effect caused by the
reduction in the ectoderm. Ectoderm-derived cues are re-

FIG. 4. Animalization of sea urchin embryos by overexpression of C-cadherin. (A and B) Morphology of control and C-cadherin RNA-injected
embryos. (A) Uninjected embryo at the early prism stage. (B) An embryo animalized by C-cadherin. It is radialized and does not develop endoderm
or mesoderm, and long cilia are seen in the cuboidal epithelium. (C) RT-PCR analysis of C-cadherin RNA-injected embryos. In addition to the
loss of the endodermal markers LvEndo16 and LvN1.2, these embryos do not express the aboral ectoderm-specific marker LvS1. (D, E, F, and G)
Expression of the oral ectoderm marker Ecto V in control embryos (D and E) and C-cadherin RNA-injected embryos (F and G). (D and F)
Differential interference contrast images. (E and G) Corresponding indirect immunofluorescent images. In control embryos, the Ecto V antigen
is localized to the oral ectoderm whereas, in the C-cadherin RNA-injected embryos, the Ecto V antigen is seen on the surface of all blastomeres.
(H) RT-PCR analysis of C-cadherin RNA and pt b-catenin RNA co-injected embryos. Autoradiograph shows that, although marker genes for
endoderm and aboral ectoderm are not expressed in C-cadherin-injected embryos, they are rescued with injection of pt b-catenin RNA.

9346 Developmental Biology: Wikramanayake et al. Proc. Natl. Acad. Sci. USA 95 (1998)



quired for spicule growth (26), and vegetalized embryos have
severe defects in ectoderm patterning. If these ectodermal
defects lead to the loss of the ectoderm-derived cues for spicule
growth and patterning, then, even if the primary mesenchyme
cells were present, they may be unable to secrete the spicule
matrix. Blocking the signaling activity of b-catenin by overex-
pressing C-cadherin completely blocked formation of all veg-
etal cell types, including the large micromere-derived primary
mesenchyme cells, indicating that b-catenin signaling was
required for their formation. Because the large micromeres are
specified autonomously, this raises the interesting possibility
that b-catenin may play a role in this process. Although our
data suggest that b-catenin may be important in this autono-
mous specification, further experiments are needed to test
whether the differentiation and inductive activities of the large
micromeres are affected by the loss of the signaling pool of
b-catenin. For example, it would be interesting to remove large
micromeres from C-cadherin overexpressing embryos and
transplant them to untreated host embryos or culture them in
vitro to see whether they could differentiate into skeletogenic
mesenchyme. Similarly, it also would be informative to deter-
mine whether blocking b-catenin affects the gut-inducing
activity of the micromeres by transplanting them to the animal
pole of host embryos.

b-Catenin and Ectoderm Patterning. In the sea urchin
embryo, there is evidence that specification of aboral ectoderm
and patterning of the oral–aboral axis result from upwardly
directed signals from vegetal cells (7). The loss of ectoderm
patterning and the loss of aboral ectoderm gene expression in
embryos animalized with C-cadherin indicate that b-catenin
signaling also is required for these events to occur. Remark-
ably, these animalized embryos resembled animal halves in
morphology as well as in the global expression of the oral
ectoderm marker Ecto V. Because mesomeres never display
nuclear b-catenin (13, 27), the influence of this protein on
patterning the oral–aboral axis most likely occurs via a noncell-
autonomous mechanism. Horstadius (2, 28) showed that, when
animal halves were recombined with the veg1 tier of cells, these
embryoids formed ciliary bands and stomodea, suggesting that
signals from this tier are necessary for the normal patterning
of ectoderm. McClay and colleagues have shown that, although
the macromeres have a high level of b-catenin in nuclei, when
these cells divide to form the veg1 and veg2 tiers of cells, high
levels of nuclear b-catenin are maintained in the veg2 tier
whereas the veg1 tier has reduced nuclear levels of the protein
(D. R. McClay, personal communication). Low levels of
b-catenin expressed in animal halves can induce morpholog-
ical and molecular alterations consistent with the patterning of
ectoderm along the oral–aboral axis. These observations sug-
gest that the b-catenin in veg1 cells may be critical for
generating signals that pattern ectoderm. This idea could be
tested by recombining animal halves from untreated embryos
with veg1 tiers from b-catenin-depleted embryos to see
whether these cells retain their patterning activity.

The mechanisms by which b-catenin can effect these
changes are not clear at this time, but target genes of b-catenin
are likely to play a role in these processes. Perhaps low levels
of b-catenin would activate a certain subset of genes that
together would specify a ‘‘veg1’’ fate in isolated animal halves,
and signaling from these cells would lead to polarization of the
ectoderm. We have proposed (7) a similar mechanism for the
effect of low concentrations of lithium on animal halves. Zecca
et al. (29) have shown that, in Drosophila, wingless protein can
act as a morphogen and elicit patterning of wing imaginal discs
in a concentration-dependent manner. This patterning is me-
diated by armadillo protein, which is the b-catenin homolog in
flies. It is possible that a similar mechanism occurs in sea
urchin embryos in which a concentration gradient of nuclear
b-catenin can pattern cells along the animal–vegetal axis.
Consistent with this idea, we have observed that overexpress-

ing high concentrations of b-catenin in animal halves leads to
the generation of cells consistent with a secondary mesen-
chyme phenotype in addition to induction of endoderm
(A.H.W., unpublished observations). Our results, therefore,
are consistent with a model in which a b-catenin-dependent
signal transduction cascade originating in the vegetal cells
patterns the sea urchin embryo along the animal–vegetal axis
in a concentration-dependent manner.

Regulation of b-Catenin Nuclear Localization in Sea Ur-
chin Embryos. The nuclear localization of b-catenin in vegetal
cells is one of the earliest molecular asymmetries identified
along the animal–vegetal axis. Identifying the upstream signals
mediating this nuclear translocation should provide insights
into the specification of the animal–vegetal axis. Given the
clear role of b-catenin in endoderm specification and the well
known role for the large micromeres in endoderm formation,
it would be reasonable to expect that signals from the large
micromeres would mediate the nuclear localization of this
protein in vegetal cells. However, McClay and colleagues have
reported that nuclear localization of b-catenin was not affected
in embryos with deleted micromeres. In addition, when the
large micromeres were transplanted to the animal pole of a
host embryo, b-catenin was not localized to the nucleus in
these cells, indicating that nuclear localization of this protein
is not necessary for induction of endoderm in animal pole
transplants (D. R. McClay, personal communication). It is
possible that, in the transplant experiments, the large micro-
meres activate components of the pathway leading to
endoderm formation downstream of b-catenin. The normal
role for the micromeres may be to synergize with other signals,
such as lateral signals from macromeres, to ultimately specify
of the vegetal plate.

A Conserved Role for b-Catenin in Axial Patterning. The
pivotal role of b-catenin in patterning the animal–vegetal axis
in sea urchins has revealed intriguing similarities between axial
patterning in sea urchins and axial patterning in vertebrates. In
vertebrates such as Xenopus, it has been suggested that a
biochemical activity that is displaced to the presumptive dorsal
region during the cortical rotation serves to specify dorsal cell
fates by selective inhibition of GSK-3b (14, 27, 30). This, in
turn, would lead to stabilization of b-catenin and the subse-
quent nuclear localization of this protein. A role for GSK-3b
in patterning the animal–vegetal axis in sea urchins has been
shown recently by Gache and colleagues (31). Thus, it appears
that this entire pathway may be conserved in axial patterning
in vertebrates and sea urchins.

What is unclear in vertebrates is the upstream signals leading
to the nuclear localization of b-catenin. Although Wnts have
long been thought to be candidates for specifying dorsal cell
fates in Xenopus, and a Wnt-like activity is associated with the
vegetal cortex (30), a dominant negative form of XWnt-8 has
no effect on specification of the dorsal–ventral axis (32). In sea
urchins, several Wnt genes are expressed maternally, and we
have observed that XWnt-8 is a strong inducer of endoderm in
these embryos (A.H.W., unpublished observations). Identify-
ing the spatial distribution of these maternal Wnt molecules
may give some insight to whether any of these molecules have
a localization that would be consistent with their playing a role
in animal–vegetal axis patterning. An appealing model is that
a maternal Wnt localized to vegetal cells would act as a
morphogen to initiate patterning of the animal–vegetal axis by
localizing b-catenin to the nucleus. The cells closest to the
source may localize higher levels of b-catenin to the nucleus
whereas cells more distant localize lower levels, thus producing
the distinct cell types along the animal–vegetal axis.
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